ABSTRACT This paper presents a novel miniaturization 90 • phase shifter using parallel coupled inductors and capacitors. The size reduction is achieved by replacing the quarter-wavelength transmission lines in a conventional fixed 90 degrees phase shifter with the resonator circuit. The resonator circuit, formed by the parallel coupled inductors and capacitor, provides a 90 • phase shift at 45 MHz. In this way, the circuit size can be largely reduced without sacrificing the operation bandwidth and power handling. The inductors structure used in the phase shifter carries high power, which consists of two full coupled rectangle metal coils. The proposed miniature fixed phase shifter is then applied to the design of a directional coupler centered at 45 MHz. The measured results show a bandwidth of 40-50 MHz for better than 35 dB return loss with a phase shift of ∼ 90 • , a deviation within ∼ 2 • , and power handling of 63 dBm (2 kW). Notably, the proposed fixed phase shifter occupies an area of 58.5 mm × 30.5 mm × 33 mm, which is only about 0.009 λ 0 × 0.0045 λ 0 × 0.005 λ 0 at 45 MHz.
I. INTRODUCTION
PHASE shifters are widely used in microwave circuits and system, and are of great commercial and military interest [1] - [3] . For instance, phase shifters are important components with applications in phased arrays and smart antenna systems for fast and accurate beam forming and beam steering [4] - [7] , and 3-dB directional coupler [8] . The conventional approach to design phase shifters is using the planar or micro-strip line or one of its variations that rely on the edge-coupled transmission lines. In recent years, the design of modified phase shifter circuits requires broader bandwidth, high return loss, and low phase-shift deviation, which proposed in [7] , and [9] - [17] . In [9] - [12] , the phase shifters are a cascade of the coupled sections. These configurations provide a wide bandwidth performance greater than 100%. However, the insertion loss and the size of phase shifter increase with an increasing number of the cascade sections.
Other structures [9] , [15] proposed different configurations, rather than transmission lines. Such arrangement consists of basic and reference circuits using edge-coupled lines sections of different electric lengths and the same coupling
The associate editor coordinating the review of this manuscript and approving it for publication was Roberto Gomez-Garcia. coefficients, which provide less than 60% relative band width. A compact phase shifter [16] used the tapered coupled lines with a bandwidth higher than 80%, however, the phase shifters comprising edge coupled sections is limited by maximum coupling values of the edge coupled. The tight coupling requires a very narrow slot between the coupled lines, which is difficulty for fabrication. In [17] and [18] , the compensation technique was introduced, numbers of capacitors were involved for the phase shifter structure. The results show that the technology improves the return loss performance, but it increases the insertion loss and has no effect on the bandwidth of the circuit. The digital switched phase shifter [19] , [20] is a key component in microwave digitally controlled phased array antennas, which consists of a transmission-line branch and a bandpass filter branch. A 4-bit phase shifter was constructed with 22.5 • , 45 • , 90 • , and 180 • phase shifters, and the measured return loss was ∼ 14.5 dB and the insertion loss was ∼ 2.5dB. In [21] - [24] , the structures consisted of micro-strip line, inverted phase micro-strip slot transitions and loaded air lines with inductor / resistor, a wide bandwidth performance greater than 100% was achieved, however, the size of phase shifter is large, which is approximately ∼ 0.2λ 0 wave length at center frequency. In recent developments, some other technologies for phase shifters
are proposed [25] - [31] , like reflective, active, liquid crystal polymer, metamaterials, and substrate integrated waveguide. However, all of those types have either a limited relative bandwidth (10%-40%) or a high insertion loss (2 to 5 dB), in addition, there are complex and expensive manufacturing processes [31] . Moreover, most reports [1] - [32] about phase shifter didn't consider the power handling.
This paper presents a 90 • phase shifter which consists of parallel coupled inductor structure and capacitors. The design in this study focuses on miniaturization and high-power handling application with frequency from 40 MHz to 50 MHz, which is applied for VHF band directional coupler, high power handling switch and ultra-short-wave radar system. The main research work of this paper is to design the corresponding 90-degree phase shifter circuit by using the 90-degree phase shift characteristic of the resonator at the resonance frequency point, and calculate the parameters of the circuit quantitatively. The theoretical feasibility of the device carrying 2000 W power is analyzed, and the corresponding device structure is designed for high power capacity. Finally, the device is fabricated and tested. The test results show that the device provides a 90 • phase shift with a deviation of ∼ 2 • , the size is of ∼ 0.009 λ 0 , return loss is of < −35 dB and power handling is of 2000W. This paper also studies the application of this type phase shifter in directional coupler, which can also reduce the size of the device, have a large power handling and a good performance.
II. CIRCUITS DESIGN AND ANALYSES
The 1/4 wavelength transmission line was usually used for the traditional high-power 90-degree phase shifter, however, if the scheme is used for VHF band phase shifter, the device sizes will be very large. The circuit of inductors and capacitors is used for the small size of 90-degree phase shifter in this paper, and the principle is as: The resonator consisted of inductor and capacitor can produce an extreme value at the resonance point, which means that the slope at resonance frequency point is an infinite value, then the phase at the resonance frequency point is π/4 degrees. Therefore, the size of device is determined by the resonator size, not by the size of the 1/4 wavelength transmission line, and the circuit size is much smaller than the transmission line. In order to obtain the small size of resonator, the inductor and capacitor are adopted for designing the phase shifter. In order to further to reduce the resonator size, the circuit is designed as parallel coupled inductor and lumped capacitors, which is shown in Fig.1 . The circuit is designed and simulated by software Advanced Design System (ADS), the parameters of circuit are calculated by following theoretical analysis and optimization simulation.
A. FORMULATION ANALYSES
An equivalent circuit is designed as Fig.1 . The ABCD matrix is used for calculating circuit parameters.
where l is transmission line length, Z is the characteristic impedance, w is resonant frequency, L e is inductor and C is capacitor in Fig.1 . The electric length of transmission line is θ = 2π · (l/λ). Because the length of transmission line (l) is defined as ∼ 2 mm, the θ equals to 0.108 degrees, so the equation (1) can be expressed as,
The S 21 is obtained from equation (2), and expressed as,
When w is resonant frequency in equation (3), the relationship between C and L e can be expressed as following,
Substituting (4) into (2), and a quadratic equation of one variable with respect to L e is obtained.
Two solutions are obtained by solving the above equation, one of which is a negative solution and is neglected, and the solution (L e ) is as follows.
The parameters C and L e can be solved by (4) and (6),
In this study, a L-C circuit is used for the phase shifter. A characteristic impedance of ∼ 35 (50/ √ 2 ) is applied and provided as an example. The parameters L e and C are obtained as 123.78 nH and 202.1 pF from equations (6)- (7), respectively.
B. CIRCUIT SIMULATION
In the Fig.1 , the inductor L 1 equals to L 2 , and two inductors are tightly coupled, the relationship between inductors L e and L 1/2 is as following,
where, M is mutual inductance coefficient, K 12 is the coupling coefficient which equals to K 21 = 1. The parameters in Fig.1 are calculated by equations (4)- (8), and Fig.2(a) shows the return loss of circuit by simulating the circuit, the figure shows ∼ −85 dB return loss when center frequency is ∼ 45 MHz, Fig.2 
III. STRUCTURE DESIGN AND ANALYSES
The phase shifter structure is designed by the circuit in Fig.1 , two factors need to be considered: 1) the tightly coupled design of inductors, 2) the capacity of 2000 W power. In order to have a high power handling, metal sheets with a certain thickness are used to design inductors, and at the same time through analyzing the current distribution and resistance characteristics on the device, the device which has high power capacity are designed.
A. DESIGN STRUCTURE
In order to obtain a high-power handling, the phase shifter structure should have high current and low resistance at 45MHz. The metal strip side view is shown in Fig.3 , which shows a diagram of the current distribution. Due to the skin effect of current, the current mainly distributes from r to r 0 , and the current density is expressed as,
where, J 0 is surface current density, α is attenuation constant, r 0 is the outer diameter of current distribution, and r is the internal diameter of current distribution.
where, w is frequency, σ is conductivity, µ is magnetic permeability, and the skin depth of current is given.
The current consists of the current density integral of the whole plane,
where, x 0 and y 0 are border length, E 0 is equivalent electrostatic field.
where, l is unit length, when R < 0.1 , x 2 0 + y 2 0 = 2. The parameters are designed as, x 0 = 2 mm, and y 0 = 0.75 mm, and then R = 0.067 . When the power is up to 2000 W and the voltage is 220V, the current above is ∼ 9A. It's concluded from Ohm's law that the heat generated from the phase shifter is ∼ 5.4 W. Therefore, the phase shifter has a power handling of 63dBm (2000W). In order to obtain the tightly coupled of inductors, the inductor structure is designed as two tightly coupled metal coils and shown in Fig.4, 1) One port of an inductor structure is input terminal, and the other port is connected with the other inductor port.
2) The remaining ports of two inductors are connected together. Two inductors are twined by a gap (b) for a high coupling coefficient. Two discrete capacitors are used for this phase shifter. The fixed 90 • phase shifter consists of two parallel coupled inductors and capacitors. The parallel coupled inductors, which consist of two metal coils, is designed as four sides rectangle shape with the length h 2 . Fig.4(a) shows the overall view of phase shifter structure, each inductor is constituted by 13 pieces metal strips, the strip has a length (e + 2h 6 ) and thickness h 6 . There are three pieces strips in each three sides and four pieces strips in the other side. Each metal strip made for inductor has same sizes expect the four metal strips in the bottom side in Fig.4(b) . The long metal strip consists of two rectangle structure and one parallelogram structure in Fig.4(b) , and the parallelogram structure has an angle of θ 1 . In order to connect two inductors, a ''U'' shape is designed as connecting bridge, which has length of l 3 , gap of h 5 , and width of c. The capacitor C is divided as two capacitors with capacitance of C/2, which is designed for the stability of whole structure. The two capacitors connect to the ''U'' shape structure, and the other side is connected to a metal strip with length of l 2 , thickness of h 7 and width of c. To achieve a perfect coupling, two inductors are coupled with three turns and gap width of b. The whole size of phase shifter is l 1 the height is h 1 , and capacitor height is h 3 . And the phase shifter structure is packaged in a metal box with size of ∼ 58.5 × 30.5 × 33 mm 3 .
B. PARAMETERS OPTIMIZATION
In order to obtain good performances of phase shifter, the inductor parameters are analyzed. The inductor L 1/2 is determined by turns N , sectional area A, and length of inductor l. The formula is expressed as,
where, µ 0 is permeability of free space and equals to 4π × 10 −7 H/m, µ r is relative permeability, A is the sectional area of inductor, and l is the total length of inductor wire. There is no core inside the inductor, the relative permeability µ r equals to 1, inductor turns N equals to 3 in this paper, and the sectional area is a square shape, there is a relationship among sectional area A, length l and structure parameters, which are expressed as, According to formula (14) - (15) and optimization simulation, the parameters of inductor are obtained. When the inductor turns N and gap width b are defined, the inductor is determined by the metal strip length e, Fig.5 shows the phase shifter performances, Fig.5 (a)-(b) show the return loss and phase performances with different inductances. 
IV. EXPERIMENTAL RESULTS
Fig .5 shows the fabricated phase shifter, which is formed by parallel coupled inductor, capacitors and bracket. The metal strip is fabricated by CNC milling process, and each metal strip is connected by cross dentate structure and shown in Fig.6(a) . The width of metal strip (a = 4 mm) is divided into five pieces and used as cross dentate structure, each dentate structure width is designed as 0.8 mm. The bracket is designed as a circular structure which used for fixing the phase shifter, and the material is Rogers RT/duroid 5880, the material has little effect on the phase shifter performances. Fig.6(a)-(b) shows the fabricated inductors and capacitors, the capacitors are welded between ''U'' shape and bottom metal strip, and is connected with ground (package) by screws. The package and the detail sizes are shown in Fig.6(b) -(c). Fig.6(d) shows the power handing test setup schematic of phase shifter, the attenuator is ∼ 50 dB, the test range of power meter is 20 dBm, test result is ∼ 13 dBm, and the device has power handling of ∼ 63dBm at least. Fig.7 is the comparisons between simulated results and measured results. In Fig.7(a) , the test results show a good agreement with simulation results when frequency is from 40 MHz to 50 MHz, and a phase shift with 90 • at 45MHz is achieved, the measured phase deviation is ∼ 2 • from 40 MHz to 50 MHz. The return loss in Fig.7(b) is less than −35 dB, the center frequency is ∼ 45.5MHz. All results are tested by Agilent vector network analyzer (VNA) av3672b.
V. DISCUSSION AND APPLICATION
This study presents a fixed 90 degrees phase shifter by using parallel coupled inductors and capacitor. The size reduction is achieved by replacing the quarter-wavelength transmission lines in a conventional fixed 90 degrees phase shifter with the resonator circuit. In this way, the circuit size can be largely reduced without sacrificing the operation bandwidth and power handling. However, there are some problems when comparing the test results with the simulation results, and the corresponding discussion is as follows. In addition, this structure phase shifter can be well applied to directional couplers, which can greatly reduce the sizes and have high power carrying capacity, and the application is analyzed in the following. All optimization simulations are carried out by software HFSS.
A. DISCUSSION
The center frequency is designed as 45MHz, and the test result is 45.5MHz, there is a little deviation between simulation and test. The reasons are as following, 1) the lumped capacitor (202.1 pF) is divided into two capacitor (101 pF) in simulation, however, each capacitance is 100 pF in actual fabrication, 2) The coupling coefficient in circuit equals to 1, however, there are some deviations between simulation and test. Based on the above analysis, the center frequency has a deviation (∼ 0.5 MHz). In addition, the bandwidth in this study is not as wide as proposed in [9] , [10] , [15] , and [17] , the function θ (w) in equation (3) is used for analysis.
In equation (16) , the value of |dθ /dw| is proportional to the bandwidth. In this study, when the relative bandwidth is ∼ 50 % (Extended from 35 to 55MHz) with phase deviations of ± 5 • from Fig.7 , the |dθ /dw| equals to ∼ 0.4 ( • / MHz) from equation (16) . When the relative bandwidth is ∼ 100% with phase deviations of ± 5 • , the |dθ /dw| equas to ∼ 0.2 ( • / MHz). For instance, if the relative bandwidth is ∼ 100%, the phase shifter circuit parameters are calculated as, L 1 = 64nH, C = 207pF, respectively. Therefore, bandwidth is inversely proportional to the value of |dθ /dw|. In this study, the value of |dθ/dw| is larger than other papers [9] , [10] , [15] , [17] .
The benefits brought by the phase shifter structure (parallel coupled inductor and lumped capacitors) is, 1) in this paper, a phase shifter with small size is designed by using the characteristic that the resonator will produce 90 degrees phase shift at the resonant frequency point. As can be seen from Table 1 , compared with the structural sizes in other literatures, the structures in this paper have very small sizes. 2) at the same time, the inductance formed by a certain thickness of metal sheet can bear high power characteristics.
To compare the proposed phase shifter in this study and reported phase shifters, Table 1 [9] - [23] , the proposed phase shifter provides a small size, a low loss |S 21 | and high return loss |S 11 | in operating frequency range. The proposed phase shifter can have both the advantages of a small size, a low insertion loss and high power handling in operating frequency range. Compared with phase shifter with the VHF frequency range [26] , the phase shifter in this study shows a much smaller size and better performances than performances. When compare with [9] , [12] , and [25] , the proposed filter in this study shows a higher return loss and s smaller size in defined band. These advantage features of proposed phase shifter will be useful for many system applications, such as, high power handling switch in VHF band, 3-dB coupler and ultra-short wave radar system.
B. APPLICATION
The phase shifter can be used for the directional coupler, and the coupler schematic is designed as Fig.8 , which consists of four 90 • phase shifter with Z = 35 and three 90 • phase shifter with Z = 121 . Port 1 is input, port 2 is isolated port, port 3 is through port, port 4 is coupled port, the phase difference equals to π/2 between port 3 and port 4.
The phase shifter circuit is the same as Fig.1 . According to equations (3)-(4), when center frequency equals to 45 MHz, characteristic impedance Z equals to 121 , the circuit parameters are obtained as, L 1 = 214 nH and C = 58.46 pF, respectively. The phase shifter structure is shown in Fig.9(a) , the inductor is formed by metal strips and N = 6. The RF performances of phase shifter are shown in Fig.9(b) . The return loss is less than −28 dB from 40 MHz to 50 MHz, and center frequency is ∼ 45 MHz. The phase shift is ∼ 90 • when frequency is 45 MHz, and the maximum phase deviation is ∼ 2 • from 40 MHz to 50 MHz. The fixed 90 • phase shifter with 35 and fixed 90 • phase shifter with 121 are designed for directional coupler. According to schematic diagrams in Fig.8 , the coupler structure is formed by fixed phase shifters and connector structure, and is shown in Fig.10 . The connector structure is ''T'' shape, the sizes of ''T'' shape are: l 4 = 14.1 mm, l 5 = l 6 = 24.1 mm, l 7 = 131.3 mm, l 8 = 110.5 mm and the thickness is 1.5 mm. The package is made by metal material (copper) and the size is 145×122×33 mm 3 . Fig.11 shows the performance of the proposed coupler, which has a return loss of −50 dB at 45 MHz. The insertion loss S 31 and S 41 are ∼ (−3 ± 0.5) dB from 38 MHz to 53 MHz, which means that half power is transferred from port 1 to port 3, the other half power is transferred from port 1 to port 4, and there is a 90 degree phase differences between port 3 and port 4, and is shown in Fig.11(b) .
VI. CONCLUSION
This study presents a novel miniaturization 90 • phase shifter by employing parallel coupled inductor and lumped capacitors. The phase shifter is designed for frequency range from 40 MHz to 50 MHz with a small size and a high power handling. The parallel coupled inductor is composed by two tightly coupled metal coils structures, which the parameters are extracted from equivalent circuit. A theoretical model is presented to explain the performance of this phase shifter and design procedure. Further, the phase shifter structure is designed and manufactured. The measured results showed good agreement with simulated results. The phase shifter provides a 90 • phase shift at 45 MHz, the deviations of phase shift are ± 2 • from 40 MHz to 50 MHz.
